Host-guest systems are crucial for achieving high eciency in most organic lightemitting diode (OLED) devices. However, charge recombination in such systems is poorly understood due to complicated molecular environment, making the rational design of host-guest systems dicult. In this article, we present a computational study of a phosphorescent OLED with 2,8-bis(triphenylsilyl)dibenzofuran (BTDF) as the host and fac-tris(2-phenylpyridine) iridium (fac-Ir(ppy) 3 ) as the guest, using a combined quantum mechanics/molecular mechanics (QM/MM) scheme. A new reaction coordinate is introduced to measure the electrostatic interactions between the host and guest molecules. Ionization potentials and electron anities of the host show broader distributions as the host-guest interaction increases. Based on these distributions, we describe a molecular picture of charge recombination on the guest and nd a direct charge trapping route for this system. Our results suggest several strategies for the design of more ecient host and guest combinations.
Introduction
Organic light-emitting diodes (OLEDs) have attracted signicant attention for broad applications in displays and lighting because of their high electroluminescence (EL) eciency, exibility and low manufacturing cost. 16 In order to improve the EL eciency, various uorescent and phosphorescent materials have been introduced as OLED emitters.
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In practice, it is phosphorescent OLEDs (PhOLEDs) that are utilized to obtain high external quantum eciency (EQE) over 20%.
1013 Because the ratio of singlet and triplet excitons under electrical excitation is 1:3 due to spin statistics, 1416 the internal quantum eciency (IQE) of traditional uorescent OLEDs is limited to 25%. PhOLEDs, on the other hand, can achieve 100% IQE by harvesting both singlet and triplet excitons through strong spin-orbit coupling.
1720
Nearly all PhOLEDs are based on the host-guest systems in which triplet emitters are dispersed homogeneously into host materials, constituting the emission layer in PhOLED devices, in order to minimize triplet-triplet annihilation and triplet exciton quenching.
2123
It is shown in numerous experimental studies that the EQE of PhOLEDs is signicantly aected by the combination of host and guest.
2428 For instance, Chen and coworkers 24
reported that the maximum EQE for FIrpic doped in SimCP vs. mCP is 14.4% vs. 12 .3%, while a dierent dopant FIrN4 in combination with the same two hosts gives the maximum EQE of only 9.4% and 5.8% respectively. Therefore, to design more ecient OLED devices, it is crucial to understand how dierent host-guest combinations inuence the charge transfer and charge recombination processes in the emission layer.
Nevertheless, comparatively little is known about how charge recombination works in host-guest systems. Several competing mechanisms have been proposed for the charge recombination. First, electrons and holes can directly combine on the guest, which causes the formation of excitons and thereafter guest emission.
29,30 However, it is not clear whether or
not an electron and a hole are transported simultaneously to the guest. One charge carrier might be trapped on the guest in advance, attracting a charge of opposite sign to form an exciton. Second, excitons can be formed primarily on the host and then transfer their energies to the guest via Förster 31 or Dexter 32 mechanisms. Besides, a third possibility is that excitons can also be formed on the closest host-guest pairs. The direct charge recombination on the guest requires the oset of HOMO and LUMO energy levels between the host and the guest, while the host to guest energy transfer needs spectrum overlap (Förster) 33 or wavefunction overlap (Dexter) 32 between the donor and the acceptor.
In this article, we simulate a model PhOLED emission layer, in which the organometallic complex fac-tris(2-phenylpyridine) iridium (fac-Ir(ppy) 3 ) and 2,8-bis(triphenylsilyl) dibenzofuran (BTDF) are chosen as the guest and host, structures shown in Figure 1 . Ir(ppy) 3
is a well-known green phosphorescent emitter reported to achieve a maximum EQE over 20%, 10, 11, 34, 35 4143 and obtain a molecular picture of the charge recombination process for this Ir(ppy) 3 /BTDF model system. We are particularly focusing on one step charge recombination from host to guest, among many other important steps for PhOLEDs. We nd that the ionization potential (IP) and electron anity (EA) of the host are distributed more widely near the guest. Such broader distribution slows down the electron transfer from host to guest. Contrarily, holes are injected into the guest in a barrierless fashion, after which electrons can be transferred faster to the guest due to the attraction from on-site holes, to create excitons. Our results reveal that one possible charge recombination mechanism in this model is direct charge trapping but not very well balanced. Based on these results, this work provides suggestions for rational design of good host and guest combinations in PhOLEDs.
Computational Methods
We began our study on the Ir(ppy) 3 /BTDF system with a molecular dynamics (MD) simulation, where the simulation box contained 15 Ir(ppy) 3 and 250 BTDF molecules that were treated classically ( Figure 2 , left panel). We set the guest to host mass ratio to be approximately 6% to match the experimental values of Ir(ppy) 3 -doped systems (3%-10%). 10, 34, 35 From the MD trajectory, we extracted snapshots and then performed a large number of polarizable QM/MM (pol-QM/MM) single-point calculations on the cation, anion and neutral states of the guest and the host, in order to obtain IPs and EAs of both species. For each snapshot, a host or a guest molecule was chosen as the QM region ( Figure 2 , right panel), while all the other molecules were described by MM force elds. In addition, as we found the hole transfer from the host to the guest is thermodynamically downhill while the electron transfer is mostly uphill, we also wanted to investigate the electron transfer from the host to the positively-charged guest and the formation of excitons on the guest. Thus, we also performed excited state pol-QM/MM calculations. The details of MD and QM/MM simulations are described below. MD Simulation.
To start the MD simulation, the host and guest molecules were inserted randomly into a simulation box as the initial conguration using PACKMOL package. 44 We annealed the system from 0K to 500K during 2ns and then simulated the system at 500K in an NPT ensemble for another 2ns to make sure the equilibrium density was reached. The host-guest system was equilibrated at the high temperature (500K) so that the molecules became uncorrelated in space and well-sampled amorphous structures can be obtained. The system was then cooled to the room temperature (300K) during 1ns, after which a 3ns simulation in NPT ensemble at 300K was performed. The nal 2ns of the NPT dynamics was sampled at 0.2ns intervals to obtain 10 snapshots for QM/MM calculations. All MD simulations were carried out using GROMACS 4. 
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ROKS calculates the lowest singlet excited state (S 1 ) energy by optimizing the KS orbitals to minimize a linear combination of single-determinant energies.
The QM/MM method must take the polarizable organic semiconductor environment into account apart from the electrostatic eects. Therefore, we introduced ctitious drude charges in our pol-QM/MM method that are harmonically attached to MM charges. With pol-QM/MM computed energies, we calculated IPs and EAs of the host and guest using the ∆SCF method:
where E + , E − , E 0 are the energies for cation, anion and neutral states.
We performed pol-QM/MM calculations on all 250 host molecules and 15 guest molecules from the MD simulation box. The QM region is either a host or a guest molecule. To make the sampling representative enough, we did calculations for 2 snapshots of 250 host molecules and 10 snapshots of 15 guest molecules.
Reaction Coordinate.
To understand the charge recombination in a host-guest system, it is signicant to know the hole and electron energy levels of the host in dierent molecular environment, i.e., bulk phase and near the guest. Since the guest is doped into the host at a small ratio, it can be assumed that the charges are rst transferred to the host which is far away from the guest (similar to bulk phase) and then to the host near the guest and nally to the guest. Thus, we need a denition for the distance between the host and guest. However, distance between molecules is poorly dened in such system because the 3. The host-guest interaction energy is given by:
Using the dierence of IP or EA values due to the existence/absence of the guest charges, we nd a better way to describe the electrostatic and polarizable eects on the host energetics caused by the guest.
Results
We rst show electron anities and ionization potentials of the host as a function of the host-guest interaction energy in Figures 3-4 Clearly there is much scatter in the data (Figures 3-4) , although there is also a trend.
To be quantitative about the scatter and trend of EA as a function of the distance from the guest, we need to use the data to estimate both the average value of EA at a given point on the reaction coordinate and also its standard deviation. For this purpose we use the kernel density estimation (KDE), a statistical tool for reconstructing probability distributions from scattered data.
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We use a small Gaussian distribution (the kernel) centered on each data point to simulate its probability. The overall probability distribution of EA is thus given by The error bar is shown for one data point (0.0175, -6.3222).
Eq. 5, where |∆EA| i is each data point's value of |∆EA|, N is the number of data points and α is the coecient of the Gaussian distribution. We choose α = 300 so that the probability estimation is close to the true probability while the probability curve is kept smooth. The average and the standard deviation of EA are given by Eq. 6-7, where EA i is each point's value of EA. For IP, the same equations are used but EA data are replaced by IP data.
Through this KDE procedure, we obtain a smooth moving average curve, which is very useful to describe the IP/EA trend at dierent distance. Meanwhile, the standard deviation provides a quantitative view of the broadness of the data distribution. It can be seen in Figure 3 that the host −EA becomes a little lower as the host-guest interaction energy increases. Note that when the host-guest interaction energy is large, the host molecule is close to a guest. The fact that the change of moving average is not much indicates that the host-guest distance is not a key factor for changing host EA values. More importantly, as
shown from the scatter plot and the standard deviation (σ EA ), the distribution of the host EA is broader as the host gets nearer the guest. We have also used ∆EA as the reaction coordinate to explain this distribution change, see Figure S1 . This change has an eect on the electron transfer from the host to the guest. When the host is far from the guest, −EA ± σ EA is higher than the guest −EA (−0.66eV), which suggests that the electron transfer would mostly be thermodynamically downhill. However, as the host gets closer to the guest, the distribution of the host EA is approaching the guest EA. Finally, most of the host −EA data are even lower than the guest −EA, causing the electron transfer to be much less ecient because the electron transfer becomes a uphill process.
Similar to electron anities, ionization potentials of the host also show a wider distribution as the host-guest interaction increases, see Figure 4 . However, this change does not aect the hole transfer from the host to the guest, because the guest −IP (−5.10eV) is much higher than the host −IP in spite of the broader distribution. Therefore, it is always a thermodynamically downhill process for the hole transfer to the guest. Since the driving force for the electron transfer step is uphill for many host-guest pairs, such a process cannot contribute signicantly to ecient charge recombination on the guest.
In this paper, we would like to search for a recombination pathway where the reaction steps are all downhill. Transferring holes from host to guest rst is the only candidate to achieve high recombination eciency based on Figures 3-4 . Therefore, it is reasonable to further consider the electron transfer from the host to the positively-charged guest. To obtain the host electron anity near a guest cation, we performed pol-QM/MM calculations on all host molecules in one snapshot where one guest is positively charged, shown in Figure 5 . Note that the QM region is still one host molecule while the environment has changed due to the existence of the guest cation. Instead of the host-guest interaction energy, we use the host-guest + interaction energy here as the reaction coordinate. The only dierence is that EA(on) in Eq. 4 is now the host EA from the calculation with the existence of a guest cation.
Because the electron transfer to a guest cation would induce the formation of an exciton, it is necessary to compute the guest exciton energy level to compare with the host EA. We did pol-QM/MM calculations on the guest utilizing the ROKS approach to obtain S 1 energy (E S 1 ) and (−IP + E S 1 ) was used as an estimation to the guest exciton energy level. As there are fewer data points, we choose α = 30 for the KDE procedure here (Eqs. 5-7). As seen from Figure 5 , there is a strong correlation between the host EA and the host-guest + interaction energy: −EA becomes signicantly lower when the interaction energy is larger.
It is also observed that all host electron anities are above the guest exciton energy level (−2.18eV), even for the ones that are very close to the guest. The electron transfer from the host to the guest cation becomes thermodynamically downhill due to the strong attraction of the guest holes. Therefore, this process completes the recombination pathway, and this is the only pathway that could possibly contribute to ecient electron-hole recombination directly on the guest.
Discussion
To understand the distribution in Figures 3-4 , we relate the host-guest interaction to the host-guest distance and their relative orientations. In a pol-QM/MM calculation of E + and E − of a host molecule, the dominant electrostatic interaction is charge-dipole interaction between the host and its surroundings, while for E 0 the dipole-dipole interaction dominates.
Meanwhile, there are many possible relative molecular orientations between the host and guest, which results in a distribution of host EA and IP. When the host-guest interaction energy for a host molecule is large, at least one guest is close to the host. As a result, the molecular environment of this host is dierent from its bulk phase, as the guest has a distinct dipole moment from the host. In our model, Ir(ppy) 3 has a larger dipole (6.18D) than BTDF (0.87D) based on the DFT calculations. Therefore, the host near the guest has a broader distribution of EA and IP than in the bulk phase, as shown in Figures 3-4 .
In Figure 5 , a guest cation exists in the environment. Thus, the dominant electrostatic interaction between the host and guest becomes charge-charge interaction for E − and dipolecharge interaction for E 0 . Correspondingly, the EA distribution has a very strong correlation with the host-guest + interaction energy because the electrostatic interaction is much stronger than in Figures 3-4 .
To better understand how charges recombine on the guest, we present Figure 6 and Figure 7 to explicitly describe the related processes. In Figure 6 , we demonstrate the charge migration from the host to the guest through the direct charge trapping, while the electron transfer to the guest cation is shown in Figure 7 . As shown in Figure 6 , the charge migration to the guest can be divided into two steps: (1) from the bulk phase host to the host close to the guest; (2) from the nearby host to the guest. As the average EA and IP is similar between the host in the bulk phase (small host-guest interaction) and the host near the guest (large host-guest interaction), the rst step is just as charge migration in the host material.
However, the second step is dierent for the electron and hole transfer. For the electron transfer, as the host becomes closer to the guest, the host −EA is slightly lower and its distribution becomes broader. As a result, many electrons get trapped on the host whose −EA is below that of the nearby guest. Therefore, the electron migration is not as fast as from the host bulk phase to the guest. On the other hand, the hole transfer remains fast as the host is approaching the guest, because it is impossible to trap holes on the host whose −IP is always much lower than that of the nearby guest.
It is clear that the hole transfer is the only downhill process to transfer charge from host to the neutral guest, we therefore consider the electron transfer from host to the guest cation.
In Figure 7 , owing to the existence of the hole on the guest, the electron energies of the guest and the nearby host both become lower. Furthermore, the guest −EA lowers more than the host, causing the guest electron levels to be below the host electron levels. As a result, the The standard deviations are shown by the red regions around the energy levels.
electrons would not be trapped by the host and can recombine with the holes on the guest quickly.
For this specic host-guest system, we nd one possible charge recombination mechanism to be the direct charge trapping. This nding could be signicant for designing ecient hostguest systems. If this meachanism is dominant in a host-guest system, fast and well-balanced charge transfers should be the topmost consideration in experiments. Taking our system as an example, the electron energy of the host should be high enough in order to make the direct electron transfer as fast as the hole transfer. In addition, although the large oset between host and guest IPs gives fast hole transfer, it may create a narrow recombination zone in the emission layer which is far away from the electron transport side. As a result, this imbalance of hole and electron transfer would cause the degradation of OLED devices.
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Thus, to make the oset of energy levels appropriate is also helpful. However, we also note that this mechanism may not be universal in all host-guest systems. One needs to do analysis on more host-guest combinations to gain a comprehensive understanding.
Conclusions and Future Work
In this article, we investigate the charge recombination in a model PhOLED host-guest system consisting of Ir(ppy) 3 and BTDF employing the QM/MM technique. Using IPs and
EAs of the guest and host from QM/MM calculations, we introduce a new reaction coordinate to account for the inuence of the guest on the energetics of the host, which is also correlated with the distance between them. We show that the larger host-guest interaction results in broader distributions of the host IP and EA. Then we describe a molecular picture of charge recombination on the guest through a charge trapping route: holes are transferred to the guest rst, after which the electrons are attracted by the holes to form excitons on the guest.
This work could help the rational design of OLED host-guest systems. The results for the Ir(ppy) 3 /BTDF system suggest that consideration of the energy level change in a host-guest mixture environment is needed to gain more accurate insight into the energy level alignment.
Meanwhile, to design fast well-balanced charge trapping routes for host-guest systems may be critical for improving the device eciency.
For future studies, we would like to investigate more PhOLED host-guest systems using the technique developed in this work. Dierent charge recombination routes are expected to be found for dierent combinations. Besides, we plan to study the energy transfer between the host and the guest in order to better understand charge recombination mechanisms.
Additionally, we also want to study the host-guest systems for a newly developed type Graphical TOC Entry
